The receptor specificity and cleavability of the hemagglutinin (HA) protein have been shown to regulate influenza A virus transmissibility and pathogenicity, but little is known about how its pH of activation contributes to these important biological properties. To identify amino acid residues that regulate the acid stability of the HA protein of H5N1 influenza viruses, we performed a mutational analysis of the HA protein of the moderately pathogenic A/chicken/Vietnam/C58/04 (H5N1) virus. Nineteen HA proteins containing point mutations in the HA2 coiled-coil domain or in an HA1 histidine or basic patch were generated. Wild-type and mutant HA plasmids were transiently transfected in cell culture and analyzed for total protein expression, surface expression, cleavage efficiency, pH of fusion, and pH of conformational change. Four mutations to residues in the fusion peptide pocket, Y23H and H24Q in the HA1 subunit and E105K and N114K in the HA2 subunit, and a K58I mutation in the HA2 coiled-coil domain significantly altered the pH of activation of the H5 HA protein. In some cases, the magnitude and direction of changes of individual mutations in the H5 HA protein differed considerably from similar mutations in other influenza A virus HA subtypes. Introduction of Y23H, H24Q, K58I, and N114K mutations into recombinant viruses resulted in virus-expressed HA proteins with similar shifts in the pH of fusion. Overall, the data show that residues comprising the fusion peptide pocket are important in triggering pH-dependent activation of the H5 HA protein.
Highly pathogenic influenza H5N1 viruses, first observed in humans in Hong Kong in 1997 and 1998 (8) , have since been reported in repeated outbreaks in Asia, Africa, and Europe, resulting in the culling of millions of infected poultry and an estimated worldwide economic cost of more than $10 billion (reviewed in references 23 and 34). As of December 2008, the transmission of H5N1 influenza viruses from birds to humans has resulted in 246 fatalities from 389 reported cases (www .who.int/csr/disease/avian_influenza/en/). An understanding of the molecular properties of emerging H5N1 influenza viruses may assist in future surveillance and containment strategies.
The influenza A virus hemagglutinin (HA) protein helps determine transmissibility and pathogenicity by its receptor binding and membrane fusion functions during viral entry. The HA protein is synthesized as uncleaved HA0 monomers, with trimerization and correct folding of the protein necessary for its trafficking to the cell surface (14) . Cleavage of the HA0 precursor into subunits HA1 and HA2 is a prerequisite for activation of the HA protein to cause membrane fusion (24, 26) . In highly pathogenic H5 and H7 subtypes of influenza A viruses, the presence of a polybasic cleavage site allows ubiquitous enzymes in the trans-Golgi network to cleave the HA protein, thereby facilitating systemic infection and causing greater pathogenicity (12, 32, 47) . During entry of the influenza virus, the HA protein binds to sialic acid-containing receptors on the surface of the host cell (48) . Receptor specificity contributes to virus host range: avian influenza viruses typically bind with a higher affinity to ␣(2,3) sialosides, whereas human influenza viruses preferentially bind to the ␣(2,6) sialic acid form (5, 31) . After binding to the receptor on the target cell membrane, the virion is internalized by endocytosis (48) . Within the endosomal compartment, the virion is exposed to increasingly low pH. At a threshold pH, which varies among strains and is typically between 5 and 6 (7), the HA protein undergoes an irreversible conformation change from its metastable prefusion conformation to a low-pH hairpin structure, promoting fusion of the virion and endosomal membranes (3) . A change in the pH of fusion can help influenza viruses adapt to different host species and cell lines (15, 27) , as well as facilitate resistance to antiviral agents that raise endosomal pH at high concentrations (7, 9, (39) (40) (41) . However, a very high pH of fusion may facilitate environmental inactivation of the virus (1) , and a very low one may cause lysosome-mediated degradation of the virus (53) .
Previous studies using amantadine selection and laboratory adaptation to different host cells identified mutations in the HA proteins of H3 and H7 influenza subtypes that alter the pH at which fusion is triggered (6, 7, 9, 13, 21, 27, (39) (40) (41) 46) . Residues that regulate the acid stability of H3 and H7 HA proteins are located in four broad regions: (i) the fusion peptide comprising the first 25 N-terminal residues of the HA2 subunit (6, 7, 21, 40) ; (ii) the fusion peptide pocket, comprising residues residing within both HA subunits that surround the fusion peptide within the neutral pH metastable conformation (7, 39, 46) ; (iii) the coiled-coil regions of the HA2 subunit (7, 39) ; and (iv) the interface between the HA1 and HA2 subunits (7) . These residues may also contribute to the acid stability of the HA protein by changing local interactions in structural regions important in regulating intermediate steps in the fusion conformational change (49) .
High-resolution structures have been determined for multiple HA subtypes in recent years (11, 16, 35, 42, 43, 51, 52) . Alignments of structures of different subtypes have revealed marked structural differences, such as rotation of the HA1 subunit around the central axis of the HA2 subunit and the shape and orientation of smaller structural elements such as the HA2 subunit membrane distal loop (16) . HA proteins from all 16 known subtypes can be classified into five structural clades on the basis of these structural differences and signature sequences (35) . In this structural phylogeny, the H5 HA protein lies distinct from the H3 and H7 subtypes (42, 52) , raising the possibility that the pH-dependent activation of the H5N1 HA protein may be regulated differently than the H3 and H7 HA proteins.
To investigate the role of individual amino acids and potential mechanisms that modulate the acid stability of the H5 HA protein, 19 point mutations were made within the H5 HA protein of A/chicken/Vietnam/C58/04 (C58). The effects of the mutations on HA protein expression, cleavage, and the pH of membrane fusion and HA protein conformational changes are consistent with amino acid residues in the fusion peptide pocket playing a major role in regulating the pH of activation of the H5N1 HA protein.
MATERIALS AND METHODS
Plasmids. Point mutations were introduced into plasmid pSH054-A/chicken/ Vietnam/C58/04 HA (36) by using a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions. Residues are identified by H5 numbering throughout the study. Wild-type and mutant HA genes were subcloned into a pCAGGS expression plasmid (45) using XhoI and ClaI restriction enzyme sites. Nucleotide sequences of all plasmids were verified by DNA sequencing at the Hartwell Center for Bioinformatics and Biotechnology, St. Jude Children's Research Hospital.
Cell culture. Monolayer cultures of Vero cells (ATCC CCL-81), BHK-21 cells (ATCC CCL-10), and BSR-T7/5 cells (2) were grown in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum, 1% glutamine, 1% penicillin, and 1% streptomycin. BSR-T7/5 cells were also grown in the presence of G418 (final concentration, 1 mg/ml), which was added to the DMEM at every other passage. BHK-21 cells were also supplemented with 10% tryptose phosphate broth.
Viruses. Recombinant viruses containing mutations Y23H, H24Q, K58I, and N114K were generated as described previously (19, 36) . Briefly, eight dual promoter pHW2000 plasmids containing each of the influenza A virus gene segments were used to transfect MDCK/293T cocultured cells. Virus stock was prepared by inoculation of 10-day-old embryonated chicken eggs. Viral RNA was isolated directly from allantoic fluid of inoculated eggs by using an RNA extraction kit (RNeasy; Qiagen). Reverse transcription-PCR of viral RNA used a universal primer set for influenza A virus (20) , and subsequent sequencing was completed by the Hartwell Center for Bioinformatics and Biotechnology at St. Jude Children's Research Hospital. All experiments using reverse genetics viruses were undertaken in a U.S. Department of Agriculture-approved biosafety level 3ϩ containment facility. All assays utilizing recombinant viruses were undertaken in Vero cells infected at a multiplicity of infection of 3. Peak titers of reverse genetics viruses were determined by single-step growth analysis in MDCK cells. Cells were infected for 1 h and then washed with phosphatebuffered saline (PBS; pH 2.2) to remove free infectious virus particles. Cells were incubated at 37°C in minimal essential medium (containing 10% fetal bovine serum and 1% glutamine). Supernatants were collected 2, 4, 6, 8, and 10 h postinfection and stored at Ϫ70°C for titration.
Transient expression of HA proteins. Monolayers of Vero cells in six-well dishes (85 to 95% confluence) were transiently transfected with 1 g of pCAGGS HA protein DNA by using a Lipofectamine Plus expression system (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Transfected Vero cells were incubated for 4 h at 37°C. DMEM (containing 10% fetal bovine serum and 1% glutamine) was then added to cells, and cells were incubated for 16 h at 37°C. Cells were then treated as indicated for each experiment.
Adjustment of pH in vitro. The pH of phosphate-buffered saline with magnesium and calcium (PBSϩ) was adjusted by 0.1 M citric acid. Cell monolayers were exposed for 5 min at 37°C for syncytium formation and luciferase reporter gene assays and for 15 min at 37°C prior to processing for conformational flow cytometry.
Measurement of HA protein expression and cleavage by Western blotting, radioimmunoprecipitation, biotinylation, and flow cytometry. Sixteen hours after transfection, cell monolayers were washed twice with PBSϩ solution. The samples were lysed with 0.5 ml of ice-cold radioimmunoprecipitation assay buffer containing Complete protease inhibitor cocktail (Roche, Indianapolis, IN). The lysate was spun at 67,000 ϫ g in an Optima TLX ultracentrifuge (Beckman Coulter, Fullerton, CA). Cleared lysate was mixed with sample dye buffer containing 200 mM Tris, 8% sodium dodecyl sulfate (SDS), 0.2% bromophenol blue, 40% glycerol, and 12% ␤-mercaptoethanol. Samples were boiled for 5 min before being separated on 4-12% NuPAGE Bis-Tris polyacrylamide-SDS gels (Invitrogen). Proteins were transferred onto a polyvinylidene difluoride membrane, blocked with 5% fat-free milk, and probed by using rabbit polyclonal antisera against the peptide sequence (AADKESTQKAIDGVTNKVNSIIDK) in the HA2 subunit (Harlan Bioproducts for Science, Indianapolis, IN). Alexa Fluor 488-goat anti-rabbit conjugate secondary antibody was used to visualize bands with a Typhoon 9200 imager (GE Healthcare, Waukesha, WI). The band intensity was measured by using ImageQuant TL software (Molecular Dynamics, Sunnyvale, CA). Equal loading of wells was confirmed by Western blotting with a rabbit polyclonal primary antibody against the cellular protein GAPDH (glyceraldehyde-3-phosphate dehydrogenase; Abcam, Cambridge, MA). Radioimmunoprecipitation and biotinylation experiments were performed as described previously (28), using 25 l of rabbit anti-HA2 peptide polyclonal primary antibody (1:200 dilution). Flow cytometry was performed as described previously (28) , using the primary monoclonal antibody VN04-2 (1:500 dilution) (22) , which reacts equally to both neutral-and low-pH conformations of the H5N1 HA protein (unpublished observation). Mean fluorescence intensity (MFI) values were normalized to those of the A/chicken/Vietnam/C58/04 wild-type HA protein. Monoclonal antibodies VN04-9 and VN04-16 (22) were used to measure the pH dependence of conformational changes of the HA protein at a 0.1 pH unit resolution. The pH of conformational changes was determined as the point at which 50% change in signal occurred between baseline and maximum.
Luciferase reporter gene assay for cell-cell membrane fusion. To quantify membrane fusion, we performed a luciferase reporter gene assay as described previously (33) . Briefly, six-well dishes containing Vero cells (70 to 80% confluence) were transfected with 1.0 g of luciferase control DNA (Promega, Madison, WI) and 1.0 g of pCAGGS HA DNA. At 16 h posttransfection, BSR-T7/5 target cells (expressing T7 RNA polymerase) were overlaid onto the Vero cells expressing the HA protein (2) . After a 1-h incubation at 37°C, the monolayers were washed and pH treated at a 0.2 pH unit resolution. Cells were neutralized by using DMEM (containing 10% fetal bovine serum and 1% glutamine) and left at 37°C for 6 h (21). Samples were lysed in reporter lysis buffer (Promega) and clarified by centrifugation at 15,000 ϫ g in a tabletop centrifuge (5417C; Eppendorf, Germany) at room temperature. From each clarified lysate, a 150-l sample was transferred to a 96-well plate (Lumitrac 200; Promega). The luciferase activity resulting from fusion of the two cell populations was quantified with a Veritas luminometer (Promega), using 50 l of luciferase assay substrate (Promega) injected into each sample.
Syncytium assay for cell-cell fusion by HA mutants. Monolayers of BHK-21 cells grown in six-well plates were transfected with 1 g of pCAGGS HA as described above. Monolayers of Vero cells grown in six-well plates were infected with recombinant virus at a multiplicity of infection of 3. At 16 h posttransfection or 6 h postinfection, cell monolayers were pH treated as described above at a 0.1 pH unit resolution. Cells were neutralized by using DMEM (containing 10% fetal bovine serum and 1% glutamine) and incubated at 37°C for 2 h. Samples were fixed and stained with Hema-3 Stat Pack staining kit (Fisher) according to the manufacturer's instructions. Representative fields were captured with a Nikon D70 digital camera attached to a Nikon Eclipse TS100 inverted microscope. 
RESULTS
Selection of HA protein mutations. To identify amino acid residues that regulate the pH of activation of the HA protein of an H5N1 influenza virus, two sets of mutations were generated in the background of the HA protein of A/chicken/Vietnam/C58/2004 (H5N1) (Fig. 1) . Eight mutations to HA2 coiled-coil residues that alter the pH of activation of H3 and H7 HA proteins were selected for the present study on the H5N1 HA protein (7, 39, 41, 49) . Eleven mutations to introduce or remove basic residues were selected by sequence alignment of HA proteins from different subtypes. Y23 1 H, K51 1 D, G288 1 H, and H308 1 Q were selected based upon prevalence in the H1 HA protein; H44 1 N, H53 1 S, and H311 1 N were selected based upon prevalence in the H3 HA protein; H111 2 A was selected based upon prevalence in the H7 HA protein, and H24 1 Q and K56 1 M were selected based upon prevalence in the H9 HA protein. T52 1 K was selected because it is one of the residues that differs between the A/chicken/Vietnam/C58/04 HA protein being studied, and the HA protein of A/Vietnam/ 1203/04 H5N1 virus being used as a structural model for comparison. This mutation is the only one that has been observed in circulating H5N1 influenza virus isolates.
Only the H111 2 A mutation causes substantial changes in protein expression and cleavage. The effects of mutations on total HA protein expression were analyzed by radioimmunoprecipitation (15-min pulse and a 0-min chase) and Western blotting (Fig. 2) . Densitometric analysis of HA0 band intensity showed that the initial expression of all mutant HA proteins was 64 to 125% that of the wild type ( Fig. 2A and B and Table  1 ), showing that the mutations did not abrogate initial expression of the HA0 precursor protein.
In Western blot experiments, whole-cell lysates were collected 16 h posttransfection to determine the steady-state levels of expression and cleavage of the HA protein. SDSpolyacrylamide gel electrophoresis (PAGE) analysis showed that the HA protein containing an H111 2 A mutation accumulated only as an HA0 precursor protein at a level 26% that of wild type; it was not detectable in the stable, cleaved form ( Fig.  2C and Table 1 ). For the remaining 18 HA proteins containing mutations, the levels of cleavage were similar to that of the wild type, and the levels of expression were 42 to 186% that of the wild type ( Fig. 2C and D and Table 1 ). A lower initial expression of the HA protein mutants G288 1 H, H311 1 N, and D112 2 G, as measured by radioimmunoprecipitation, resulted in lower steady-state expression levels, as measured by Western blotting.
The effects of the mutations on the cell surface expression of HA proteins were studied by biotinylation and flow cytometry experiments. Intact cells were biotinylated 16 h posttransfection and analyzed by Western blotting. The levels of cleavage of all biotinylated HA proteins containing mutations were comparable to that of the wild type, except for the HA protein containing an H111 2 A mutation ( Fig. 3A and B and Table 1 ). Of the mutations in the histidine or basic patch, the H24 1 Q, T52 1 K, H53 1 S, and H308 1 Q mutations caused significant increases, and the G288 1 H, H311 1 N, and H111 2 A mutations significant decreases in cell surface expression compared to the wild type. Of the HA2 coiled-coil mutations, the S54 2 R, K58 2 I, and D112 2 N mutations resulted in significant increases, and the E105 2 K and N114 2 K mutations significant decreases in cell surface expression compared to the wild type.
In flow cytometry experiments, intact cells were labeled 16 h posttransfection with the anti-H5 HA protein monoclonal antibody VN04-2 (22) , which binds with equal affinity to both neutral-and low-pH forms of the A/chicken/Vietnam/C58/ 2004 (H5N1) HA protein (data not shown). The surface expression levels of most HA proteins containing histidine or basic patch mutations were similar to those of the wild type, although the H111 2 A mutation reduced the cell surface ex- Table 1 ). Mutations in the HA2 coiled-coil region caused a more polarized effect. Both mutations at residue S54 resulted in increased cell surface expression. For the remaining HA2 coiled-coil mutations, cell surface expression levels were 62 to 92% compared to that of the wild type.
In general, cell surface expression levels from flow cytometry experiments were lower than those obtained by Western blot analyses of the biotinylated surface protein. Binding of the VN04-2 monoclonal antibody suggests that the HA proteins are correctly folded. However, we have yet to determine whether the VN04-2 antibody binds preferentially to either the cleaved or the uncleaved form of the HA protein or binds with equal affinity to both. The detection of some H111 2 A protein at the cell surface suggests that this antibody can recognize the uncleaved form of the HA protein. In contrast, the biotinylation analysis is expected to detect equally both uncleaved and cleaved forms of the HA protein at the cell surface but may not accurately measure the amount of functional protein at the cell surface (i.e., the protein competent for mediating membrane fusion). The collective results from both assays show that most mutant HA proteins were expressed at the cell surface of transfected cells at levels comparable to that of wild-type C58 HA protein. Moreover, except for H111 2 A, the levels of cleavage of all other mutant HA proteins were similar to that of the wild type (Fig. 4 and Table 1 ). Levels of cleavage of surface expressed protein could be increased by ca. 11% with the presence of 5 g of exogenous trypsin/ml for 30 min at 37°C (data not shown), suggesting that a population of HA protein reaches the cell surface uncleaved.
Five individual mutations to the HA protein change the pH of membrane fusion. The extents to which the wild-type and mutant HA proteins promote cell-to-cell membrane fusion were measured as a function of pH by syncytium and luciferase reporter gene assays. Syncytium formation between BHK-21 cells was initiated 16 h posttransfection, and the pH of fusion was defined as the highest pH at which syncytium formation was observed ( Fig. 5 and Table 1 ). The wild-type C58 HA protein promoted syncytium formation at pH 5.5. Eight of the eleven mutations in the histidine or basic patch caused a pH change of 0.1 U or less. The Y23 1 H mutation increased the pH of syncytium formation by 0.4 pH units, whereas the H24 1 Q mutation decreased it by 0.3 pH units. The H111 2 A mutant showed no syncytium formation at any pH over the range measured (pH 5.0 to 6.0), a finding consistent with this mutant not being present on the cell surface of transfected cells in a cleaved form. Five of the eight mutations in the HA2 coiledcoil group caused no change in the pH of syncytium formation. The K58 2 I and E105 2 K mutations decreased the pH of fusion by 0.4 and 0.2 pH units, respectively, whereas the N114 2 K mutation caused a pH increase of 0.2 pH units. A luciferase reporter gene assay was also used to measure the effects of the mutations on the pH of HA-mediated membrane fusion (Table 1 and Fig. 6A and B) . Similar to results from the syncytium assays, in the luciferase assay the Y23 1 H mutation increased the pH of fusion by 0.4 U, the H24 1 Q mutation decreased the pH by 0.3 U, the H111 2 A mutation eliminated membrane fusion, and the remaining eight mutations in the histidine or basic group had little effect on the pH of luciferase activity ( Table 1 ). The K58 2 I, E105 2 K, and N114 2 K mutations in the HA2 coiled-coil group also caused similar shifts in the pH of membrane fusion in both the syncytium and the luciferase assays, and the remaining five HA2 mutations had little or no effect on the pH of acid stability of the C58 H5 HA protein. Unexpectedly, the mutations D112 2 G and D112 2 N did not increase the pH of membrane fusion of the H5 HA protein in either assay, despite substantially altering the pH of fusion in H3 and H7 subtypes (7, 39, 49) . This assay was also used to measure the fusogenic efficiency of the mutants compared to the wild type. It showed that the majority of mutants had no significant effect on the proportion of cells fused under conditions of low pH (Fig. 6C and D) . Mutants K51 1 D and H53 1 S had caused a significant change in fusogenic efficiency, similar to what has previously been hypothesized for basic residues in this region for H1 and H5 subtypes (42, 43 e That is, the cleavage ratio of total cell lysates determined using the formula HA2/(HA0 ϩ HA2). f That is, the cleavage ratio determined by biotinylation. Data are normalized to the wild-type C58 HA protein. The reported error indicates standard error from triplicate experiments.
g A syncytium formation assay for the pH of membrane fusion was determined as the last pH point at which syncytium formation was within a representative field of view. NA, absence of syncytium formation.
h pH of membrane fusion derived from the luciferase reporter gene assay was determined as the point at which 50% of maximum increase in signal was achieved. NA, absence of fusion as determined by this assay.
i Monoclonal antibody VN04-9 favors the metastable conformation of the H5 HA protein. The pH of conformational change was determined as the pH at which a 50% decrease in signal was observed between baseline and maximum.
j Monoclonal antibody VN04-16 favors the low-pH conformation of the H5 HA protein. The pH of conformational change was determined as the pH at which a 50% increase in signal was observed between baseline and maximum. mutant is consistent with the syncytium formation assay showing no syncytium formation for this mutant at any pH.
Mutations that alter the pH of membrane fusion also alter the pH of HA protein conformational changes. The influenza A virus HA protein is expressed on the surfaces of infected cells and virions in a metastable, spring-loaded conformation and undergoes a dramatic, pH-dependent molecular rearrangement that promotes membrane fusion (10, 37) . To determine whether the histidine or basic patch mutations Y23 1 H, H24 1 Q, K51 1 D, and H53 1 S and the HA2 coiled-coil mutations K58 2 I, E105 2 K, D112 2 G, D112 2 N, and N114 2 K change the pH of refolding of the HA protein, flow cytometry experiments were performed with conformation-based monoclonal antibodies ( Fig. 7 and Table 1 ). The monoclonal antibodies VN04-9 and VN04-16 (22) bound preferentially to the native and low-pH conformations, respectively, of the wild-type HA protein of A/chicken/Vietnam/C58/04 (H5N1) (Fig. 7A and B) . On the basis of these differences in binding preference, the pH dependence of conformational changes in the HA protein was determined by flow cytometry. Unexpectedly, the pH of conformational changes for D112 2 G and D112 2 N were 0.3 and 0.25 pH units higher, respectively, than the pH of the membrane fusion. Similarly, the N114 2 K mutation induced conformational changes at a pH ϳ0.3 U higher than its pH of membrane fusion. It is possible that the HA proteins containing D112 2 G, D112 2 N, or N114 2 K mutations undergo somewhat localized changes in conformation detected by the antibodies at a pH higher than that required to trigger the complete HA protein refolding necessary to promote membrane fusion. In contrast, the HA proteins containing mutations Y23 1 H, H24 1 Q, K58 2 I, and E105 2 K showed shifts in the pH of conformational changes similar to those observed in the syncytia and luciferase assays (Fig. 7C and Table 1 ). Analysis of K51 1 D and H53 1 S with VN04-16 also confirmed that the pH of conformational change matched the findings of the pH of membrane fusion assays ( Table 1) .
Mutations that alter the pH of fusion in transfected cells have a conserved effect in reverse genetics virus. In order to determine whether changes in the pH of fusion observed in the transient-transfection system were applicable to H5N1 recombinant virus, wild-type A/chicken/Vietnam/C58/04 virus, and viruses containing the mutations Y23 1 H, H24 1 Q, K58 2 I, and N114 2 K in the HA gene were generated by using the eightplasmid system (19) . These four mutations were selected because they gave a range of changes in the pH of fusion encompassing a 0.8 pH unit range around the value observed for wild-type HA protein. All viruses were successfully rescued, and sequencing determined that only the mutation of interest was present in each case. Single-step growth analysis using the viruses showed that the peak titers obtained were analogous for all viruses tested. Furthermore, the expression and cleavage of virus-derived HA protein was confirmed by Western blotting of virus-infected Vero cells. The pH of fusion for each virus was determined by using a syncytium formation assay in Vero cells. Table 2 shows that mutant and wild-type HA proteins were successfully expressed and cleaved in virus-infected cells. Furthermore, the shift in the pH of fusion is similar to that observed in transfected cells. The pH of fusion for N114 2 K was closer to the value of pH of conformational change observed in transfected cells. found to alter the pH of membrane fusion and/or protein refolding by ϳ0.2 pH units or more. Six of the mutations are located in the fusion peptide pocket, and the K58 2 I mutation is located in the "A" ␣-helix that buttresses the central HA2 coiled coil in the metastable structure (Fig. 1 ). An H111 2 A mutation in the fusion peptide pocket significantly decreased expression of the HA protein and completely eliminated cleavage and membrane fusion. Eleven other mutations had little effect on the pH of fusion of the H5N1 HA protein, including all of the mutations to residues in a membrane-distal histidine or basic patch at the interface of the HA1 and HA2 domains (Fig. 1) . Four mutants capable of altering the pH of fusion in transfected cells were introduced into reverse genetics virus. All viruses were successfully rescued and demonstrated a shift in pH of fusion similar to that observed in transfected cells expressing mutant HA proteins.
DISCUSSION
Residues in the fusion peptide pocket may universally regulate HA acid stability across all HA subtypes. Consistent with our findings for the H5 HA protein, previous studies have shown that residues in the fusion peptide pocket regulate the acid stabilities of H3 and H7 HA proteins (7, 16, 35, (39) (40) (41) 46) . For example, the Y23 1 H mutation in the H5 HA protein in our study increased the pH of activation by 0.4 pH units. The reverse mutation in the H3 HA protein H17 1 Y (H3 numbering) has the opposite effect of decreasing the pH of activation by 0.3 pH units (46) .
High-resolution structures have been determined for HA proteins of A/Vietnam/1194/04 (H5N1) and A/Vietnam/ 1203/04 (H5N1) viruses, which differ from the HA protein of A/chicken/Vietnam/C58/04 (H5N1) by only four and five amino acids, respectively (42, 52) . In the high-resolution structures of the H5 HA protein, the Y23 1 residue is nearly completely buried by the fusion peptide after cleavage, and the hydroxyl group of the Y23 1 side chain forms a hydrogen bond with the backbone amine of fusion peptide residue G13 2 (Fig.  8A ). An Y23 1 H mutation may destabilize the H5 HA protein by a loss of this important hydrogen bonding interaction between the fusion peptide and its pocket. A comparison of H5 and H3 HA structures shows that the fusion peptide and fusion peptide pocket residues adopt similar conformations in both subtypes, thus allowing for similar interactions in both subtypes (Fig. 8) . Therefore, the H17 1 Y mutation may stabilize the H3 HA protein by introducing energetically favorable hydrogen bonding between residue 17 in the fusion peptide pocket and the fusion peptide. In fact, a molecular model of tyrosine at position 17 in the H3 HA protein and a comparison with H1 HA protein structures containing native tyrosine residues at position 17 are consistent with the hydroxyl group on the tyrosine side chain interacting with residues 10 and 12 of the fusion peptide in the context of the H3 HA protein (46) . In the H3 HA structure, the native histidine at HA1 position 17 forms hydrogen bonds with the fusion peptide via water molecules. Although the analogous Y23 1 H residue in the H5 HA protein may also form similar hydrogen bonds with the fusion peptide via water molecules, the observation that this mutation makes the HA protein less acid stable is consistent with such potential interactions being weaker than direct interactions between the native tyrosine residue at position 23 in H5 HA1 subunit. Further evidence that H3 HA residue 17 (H5 HA residue 23) plays a critical role in activating the HA protein for membrane fusion is supported by the observations that mutation of H3 HA protein residue H17 1 to alanine, arginine, or glutamine increases the pH of membrane fusion by 0.4, 0.7, and 0.9 pH units, respectively (7, 39, 46, 50) . On the basis of similarities between the H3 and H5 HA proteins in this region, Y23 1 A, Y23 1 R, and Y23 1 Q mutations in H5 are expected to destabilize the HA protein to a greater extent than the Y23 1 H mutation characterized here; however, such mutational analyses have not yet been performed.
HA2 residue 111 is also located in the fusion peptide pocket and is conserved along structural group-specific lineages (16, 35) . For the H5 HA protein, an H111 2 A mutation decreased its expression, eliminated HA0 precursor cleavage, and blocked membrane fusion. Similar to the H5 HA protein, the H2 HA protein is also in the H1 structural clade and contains a histidine at HA2 residue 111. For the H2 HA protein, an H111 2 A mutation also eliminates its cell surface expression (46) . The H3 HA protein belongs to a distinct structural lineage (H3 lineage) and contains a threonine residue at HA2 residue 111. For the H3 HA protein, a T111 2 A mutation has little effect on acid stability and fusogenicity, and T111 2 H and T111 2 V mutations increase the pH of activation and membrane fusion by 0.6 and 0.3 pH units, respectively (46) . The H3 and H7 structural clades contain a glutamate residue at HA2 residue 114 in the fusion peptide pocket, whereas the H1 structural clade (that includes the H5 HA protein) and the H9 structural clade contain an asparagine at HA2 residue 114. Despite clade-specific differences in wild-type residues at this position, mutation of HA2 residue 114 to a lysine residue in the H3, H7, and H5 HA proteins appears to cause in increase in the pH of conformational changes for all proteins by ϳ0.5 pH units (7) . Although the overall effects of this mutation on acid stability are similar across the HA structural clades, the localized interactions that contribute to acid stability of the HA protein may differ for H5. Although the N114 2 residue of the H5 HA protein interacts with the hydroxyl group of tyrosine 22 of the fusion peptide, the E114 2 side chain of the H3 HA protein is twisted nearly 180°to interact with glutamine 47 of the HA2 subunit. The similar destabilization of H3, H5, and H7 HA proteins by a lysine mutation at HA2 residue 114 may a The peak titer determined by a single-step growth curve 12 h postinfection at multiplicity of infection of 3. Titers expressed as log 10 PFU/ml.
b Expression was determined by Western blotting of whole-cell lysates of infected cells. The results represent the total number of HA0ϩHA2 bands as detected by A0110 polyclonal antibody. Expression data were normalized to the value for wild-type C58 HA protein.
c The cleavage ratio of total cell lysates was determined by using the formula HA2/ (HA0 ϩ HA2) .
d The change in pH of fusion (⌬pH) was determined by syncytium formation assay.
be due to steric hindrance or electrostatic disruptions, or both, of similar energetic magnitude in different local structural contexts.
In the H3 and H7 HA proteins, D112 2 G or D112 2 N mutations increase the pH of fusion by 0.4 and 0.35 pH units, respectively (7, 49) . Mutation of D112 2 in the present study to either a glycine or asparagine residue increased the pH of conformational changes by ϳ0.3 pH units. However, both mutations caused membrane fusion at a pH similar to that for the wild-type C58 HA protein. An important role for HA2 residue D112 in regulating HA protein activation is consistent with its universal conservation across all known HA subtypes and selection on multiple occasions for H3 and H7 influenza viruses in the presence of drugs that elevate endosomal pH (7, 39, 46) . A high-resolution structure of the H3 HA protein containing a D112 2 G mutation shows that a water molecule partially replaces the aspartate side chain, the mutation does not cause changes in the surrounding structure, and the mutation results in the loss of four intrachain hydrogen bonds with the fusion peptide (49) . The data in our study suggest that the putative loss of similar intrachain hydrogen bonds in the H5 HA protein is not sufficient to destabilize the metastable conformation and trigger full membrane fusion. Previous studies of acid inactivation of H1, H2, and H3 HA proteins have provided evidence for conformational intermediates of the HA protein that undergo changes in tertiary structure but remain capable of fusion at low pH (25) . This might be possible if the conformational intermediate involves limited movement of the HA1 subunit, which in turn facilitates release of the fusion peptide from its buried location (30) . All monoclonal antibodies used for conformational flow cytometry had epitopes within the HA1 subunit (22) . Therefore, discrepancies between the pH of conformational change and the pH of membrane fusion may reflect a transition between two structurally distinct metastable forms of the protein. Equally, the pH pulse used for the conformational flow cytometry was extended from 5 to 15 min. It has previously been shown that certain transitions of the HA protein conformational change are pH reversible (4) and that mutations in the HA can affect fusion kinetics (29) . Therefore, the differences observed between the pH of conformational change and the pH of fusion assays may represent a change in fusion kinetics as a result of changes in the rate of transition between conformational intermediates of fusion, all of which are required for full fusion to occur. Further work would have to be undertaken to resolve the mechanisms involved in this process.
Not all mutations had similar effects on the acid stability of the HA protein for the H5, H3, and H7 subtypes. In fact, the mutation of residue 105 in HA2 to lysine had opposite effects on the acid stabilities of H5 and H3 HA proteins, most likely due to subtype-specific differences in sequence and interactions at this position. H3, H7, and H9 structural clades have a glutamine residue at position 105 of HA2, whereas H1 and H5 structural clades have a glutamate at this position. Moreover, a Q105 2 K mutation increases the pH of activation of the H3 HA protein by 0.3 pH units (7), whereas our study shows that an E105 2 K mutation decreases the pH of activation of the H5 HA protein by ϳ0.2 pH units. In the H3 HA protein structure (17) , the glutamine side chain forms hydrogen bonds with the backbone amide of HA1 residue 29 and with the aspartate side chain of HA2 residue 109 by a water molecule and has van der Waals contact with the histidine side chain of HA2 residue 106 from an adjacent monomer. The loss of such energetically favorable interactions because of a mutation to a lysine residue may explain why this mutation increases the pH of activation of the H3 HA protein. A Q105 2 R mutation also increases the pH of activation of the H3 HA protein by 0.3 pH units, whereas Q105 2 A and Q105 2 E mutations have less pronounced effects (46) . In the H5N1 HA protein structures (42, 52) , the glutamate side chain at position 105 in HA2 does not have stabilizing interactions that are as extensive but may have electrostatic repulsion between residues E105 2 and D109 2 . The reversal of side chain charge due to an E105 2 K mutation may increase the acid stability of the H5 HA protein by introducing electrostatic attraction between residue 105 and 109 in HA2.
The introduction of Y23 1 H, H24 1 Q, K58 2 I, and N114 2 K mutations into the HA proteins of reverse genetics virus was tolerated. Examination of the pH of fusion for the mutant and wild-type viruses confirmed that the magnitude and direction of changes in the pH of fusion observed in cells expressing HA expressed as a result of transient transfection was similar to that observed in cells that had been infected with virus. Expression and cleavage of the mutant HA proteins was similar to that observed in the wild-type virus, suggesting that these shifts in pH of fusion were not a result of changes in either of these traits. Furthermore, the mutant viruses were able to replicate over a single cycle to titers analogous to wild-type virus. These observations underscore that the mutant viruses were capable of virus entry, membrane fusion, protein expression, cleavage, assembly, and budding over a single cycle of replication, despite demonstrating an altered pH of fusion. Although the mutations used in the present study represent changes between subtype, and not those present in isolated H5N1 influenza viruses, further characterization of these viruses will provide a model for the contribution of the pH of fusion to the phenotype of the virus with respect to transmissibility, host adaptation, and pathogenesis.
In summary, we have found that residues in the fusion peptide pocket play an important role in regulating the pH of activation of the HA protein from an H5N1 influenza A virus. Residues in other regions of the H5 HA molecule, such as K58 in HA2, can also regulate its acid stability. A comparison of our data on the H5 HA protein to previously reported findings on the H3 and H7 HA proteins shows that residues regulating acid stability are subtype specific and depend on local structure and interactions that occur between noncovalent bonding partners within this local structure. In cases where the orientation of local structural elements is similar between subtypes or strains, some mutations, such as at position 17 of HA1 (H3 numbering) and position 58 of HA2 (46) , have similar effects on acid stability of the HA protein. However, in cases where the local structure may differ between strains or subtypes, the relative contribution of similar mutations to HA protein acid stability may differ, as seen for residue 105 in the HA2 subunit. When four residues capable of changing the pH of fusion were introduced into reverse genetics virus, they had a conserved effect on the pH of fusion with respect to the virus, while not having any substantial effects on initial virus growth or protein expression.
A potential role for changes in the acid stability of the HA protein in the adaptation of influenza A viruses to different species has already been established for H3N2 and H7N3 viruses (15, 27) . The importance of the HA protein in virus pathogenesis and host range has also been established. The presence of a polybasic cleavage site within H5 and H7 HA proteins results in intracellular cleavage by ubiquitous proteases and leads to systemic infection and greater pathogenicity in vivo (12, 32, 47) . Changes in the receptor binding specificity of the HA1 subunit also alter the host range and cell tropism of influenza A viruses (18, 38) . In our study, two mutations (Y23 1 H and N114 2 K) increased the pH of activation of individually expressed H5 HA proteins in vitro and three mutations (H24 1 Q, K58 2 I, and E105 2 K) decreased the pH of activation. The contribution of the pH of fusion to influenza virus phenotype has yet to be fully determined. However, the stability of the HA protein may contribute to the longevity of the virus in the environment (1) and therefore the ease with which the virus is transmitted. Equally, changes in the acid stability of the virus may determine the organs in which the virus can readily replicate. For example, a virus's ability to spread into the low-pH environment of the digestive tract of the host may contribute to the lethality of the virus due to an increase in the number of organs where the virus can productively replicate. Equally, this may also determine the route of shedding of the virus, since this is a trait that has been shown to differ between H5N1 viruses (44) . These are some of the factors that will be investigated in more detail in future work.
